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ABSTRACT: Ternary organic blends have potential in realizing

efficient bulk heterojunction (BHJ) organic solar cells by har-

vesting a larger portion of the solar spectrum than binary

blends. Several challenging requirements, based on the elec-

tronic structure of the components of the ternary blend and

their nanoscale morphology, need to be met in order to

achieve high power conversion efficiency in ternary BHJs. The

properties of a model ternary system comprising two donor

polymers, poly(3-hexylthiophene) (P3HT) and a furan-

containing, diketopyrrolopyrrole-thiophene low-bandgap poly-

mer (PDPP2FT), with a fullerene acceptor, PC61BM, were exam-

ined. The relative miscibility of PC61BM with P3HT and

PDPP2FT was examined using diffusion with dynamic second-

ary ion mass spectrometry (dynamic SIMS) measurements.

Grazing incidence small and wide angle X-ray scattering analy-

sis (GISAXS and GIWAXS) were used to study the morphology

of the ternary blends. These measurements, along with optoe-

lectronic characterization of ternary blend solar cells, indicate

that the miscibility of the fullerene acceptor and donor poly-

mers is a critical factor in the performance in a ternary cell. A

guideline that the miscibility of the fullerene in the two poly-

mers should be matched is proposed and further substantiated

by examination of known well-performing ternary blends. The

ternary blending of semiconducting components can improve

the power conversion efficiency of bulk heterojunction organic

photovoltaics. The blending of P3HT and PDPP2FT with

PC61BM leads to good absorptive coverage of the incident

solar spectrum and cascading transport energy levels. The per-

formance of this ternary blend reveals the impact of the misci-

bility of PC61BM in each polymer as a function of composition,

highlighting an important factor for optimization of ternary

BHJs. VC 2015 Wiley Periodicals, Inc. J. Polym. Sci., Part B:

Polym. Phys. 2015, 00, 000–000
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INTRODUCTION Semiconducting polymers have been the
focus of intense investigation because of their potential appli-
cation in inexpensive, flexible electronics, including organic
light emitting diodes (OLEDs),1 thin film transistors (OTFTs),2

photovoltaic solar cells (OPVs),3 and thermoelectrics.4 These
materials are processable using solution deposition techni-
ques, providing flexibility in methods to fabricate devices.
Consequently, OPVs have been considered as an alternative to
conventional inorganic thin film solar cells.5–7 The power con-

version efficiency (PCE) of OPVs is currently near 10%, but
there is a need to significantly enhance this efficiency.8,9

The highest-performance OPVs are currently based on the

bulk heterojunction (BHJ) strategy, where electron-donating

and electron-accepting materials are blended together into a

bicontinuous network with nanoscale phase separation.5,10 A

critical limitation in the PCE of BHJ OPVs is the relatively nar-

row width of the optical absorption of organic materials and

†Deceased December 2014.

Additional Supporting Information may be found in the online version of this article.
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their alignment with the incident solar spectrum.10,11

For example, in the well-studied model system, poly(3-hex-
ylthiophene):[6,6]-phenyl-C61-butyric acid methyl ester
(P3HT:PC61BM), the donor polymer P3HT absorbs primarily
in the range of 400 to 650 nm, which misses a large portion
of the solar spectrum.12

An effective strategy to enhance the PCE of OPVs is to improve
the overlap of the optical absorption of the BHJ layer with the
solar spectrum. This goal has been addressed by tuning the
electronic structure of the donor polymer to lower the optical
gap,13–17 or alternatively through the addition of another mate-
rial to form a ternary BHJ.18–26 The additional material is cho-
sen in a complementary way with the other materials in the
binary blend to improve the overlap with the solar spectrum.
In the design of this complementary absorber, the offsets of
the electronic levels and the ability to extract free charge car-
riers must be considered. For example in one strategy to
design a complementary donor for a P3HT:PC61BM BHJ, the
ionization energy (IE) of the complementary absorber should
be smaller than that for PC61BM and larger than that for P3HT
in order for hole collection to occur. In addition, the electron
affinity (EA) should be smaller than that of PC61BM and larger
than that of P3HT in order to facilitate efficient electron collec-
tion by the fullerene. Such an arrangement of cascading energy
levels is likely to prevent charge trapping, assuming the car-
riers can freely access each component of the ternary blend.

There have been many reports of forming ternary solar cells
by blending two donor polymers and one fullerene-based
electron acceptor.18–23,25–41 Overall, these findings suggest
that addition of a complementary absorber can improve the
short-circuit current (JSC), and thereby the PCE, by 25 to
30% in some cases. An interesting observation in many of
these ternary cells is the change in open circuit voltage (Voc)
with composition, suggesting that the donor polymers
behave as an electronic alloy.18,30–33,40,41 The origin of this
behavior appears to be dependent on the ability of the poly-
mers to mix, but the effect is still not fully understood.

We present here a study of ternary BHJs using P3HT and the
furan-containing, diketopyrrolopyrrole-thiophene low-
bandgap polymer PDPP2FT14,17 with PC61BM. As depicted
schematically in Figure 1, we discuss a critical design consid-
eration for ternary blend OPVs:42 the relative interaction of
PC61BM with each donor polymer. This compositional study
of ternary solar cells comprising P3HT and PDPP2FT pro-
vides a morphological origin for the electronic behavior of
these BHJs. Interdiffusion43,44 and X-ray scattering experi-
ments were carried out to help understand the significant
changes in performance observed in solar cells as the ter-
nary blend composition is varied. The miscibility of the full-
erene with the donor polymers was found to be a critical
parameter controlling the performance of ternary BHJs.

EXPERIMENTAL

Materials used in this work include P3HT Sepiolid P200
(BASF), (penta-deuterated) PC61BM (Nano-C and Sigma-

Aldrich), and silicon- and carbon-bridged PCPDTBT (Konarka
and 1-Material). PDPP2FT was prepared according to litera-
ture reports.14,45 All materials were used as received and
were stored and processed in a nitrogen atmosphere. All
active layer materials were dissolved in chlorobenzene at
concentrations of 10 to 45 mg/mL, respecting the maximum
solubility and final solution viscosity.

Solar cells were produced on 1.5 3 1.5 cm2 sized glass
slides, precoated with indium doped tin oxide (ITO) by TFD
Co. The slides were cleaned in a four-step process, involving
ultrasonication for 10 min each in acetone, 2 vol % alconoxVR

solution, distilled water, and isopropyl alcohol. Aqueous
PEDOT:PSS solution (Clevios P VP AI 4083) was subse-
quently spin coated onto the plasma cleaned ITO slides, and
deposited films were annealed at 140 8C to remove residual
water. The active layer solutions were mixed from stock sol-
utions, and their relative concentrations were varied. Ratios
for the polymer:PC61BM ratio for BHJs were taken from
existing reports and followed even in ternary blends, thus
changing the absolute amount of PC61BM for changing ratios
of polymers (see Supporting Information). Subsequently the
active layers were spin coated at 1000 to 2000 rpm, depend-
ing on the expected viscosity of the solution. The layers
were then annealed, and a 10 nm/100 nm calcium/alumi-
num back contact was evaporated under high vacuum. J–V
and EQE curves were then measured with a previously cali-
brated solar simulator and monochromator, respectively.

In the compositional space studied here, both the
P3HT:PDPP2FT and PC61BM:total polymer composition ratios
are changing. The relative weight ratio of PC61BM to total
donor polymer is changed as the fraction of PDPP2FT is
modulated. This change in fullerene fraction as the polymer

FIGURE 1 Schematic representation of the domain structure

and interdiffusion-driven miscibility differences in the

P3HT:PDPP2FT:PC61BM ternary blend. P3HT, PDFF2FT, and

PC61BM regions are displayed in purple, orange, and green,

respectively. P3HT crystallites and both aggregated and molec-

ularly dispersed PC61BM are shown in detail.
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A/polymer B ratio is adjusted was utilized in order to
achieve the necessary polymer:fullerene ratio in the blend.
The two polymer-fullerene binary blends have significantly
different endpoints; therefore, the total polymer-fullerene
blend ratio is linearly varying between that of P3HT:PC61BM
(1:1) and that of PDPP2FT:PC61BM (1:3), as the PDPP2FT
fraction is increased (and the P3HT fraction correspondingly
decreased).

The bilayer diffusion measurements were conducted in a simi-
lar manner as previously reported.43,44 All layers were sepa-
rately cast onto pieces of single crystal silicon wafer, covered
with a thermal oxide of 150 nm thickness and cleaned in the
same way as ITO slides, explained above. All other solutions,
pure donor polymer and donor-acceptor blends, were mixed
from stock solutions to concentrations between 10 mg/mL
and 30 mg/mL and spin coated at 1000 to 2000 rpm, depend-
ing on the desired layer thickness. The two corresponding
layers were laminated by dipping the pure polymer layer into
a 5 vol % solution of hydrofluoric acid, floating the detached
layer onto a water surface, and picking it up by the substrate
layer containing the pure or mixed dPC61BM. This process was
used to inhibit premature diffusion by solvents or heat, used
in other lamination techniques. The bilayer was then annealed
to activate the desired diffusion at various temperatures for 5
min on a hot plate within a N2 atmosphere glove box. Finally, a
sacrificial layer of polystyrene was spin coated from toluene
solution and laminated on top of the annealed bilayer in the
same way as described for bilayer lamination by film floating.
The composition as a function of depth was measured with a
Physical Electronics 6650 Quadrupole SIMS instrument. Oxy-
gen O2

2 primary ions were generated at 2 kV and 45 nA and
rastered over a square of area (300 lm)2 on the sample sur-
face. An electron gun was aimed onto the same spot to coun-
terbalance the charging of the sample. Hydrogen 1H,
deuterium 2H, carbon 12C, silicon 28Si, sulfur 34S, 26CN, and
27HCN negative ions were monitored. The PS sacrificial layer
was used to reduce measurement artifacts from electron gun
interaction with the sample and also intensity variations at the
beginning of the SIMS measurement. A PS/d-PS/PS trilayer
sample, of known deuteration chemistry, was analyzed in
order to calibrate the 2H2/1H2 signal ratio.

The X-ray scattering measurements (GIWAXS & GISAXS)
were conducted at Beamline 7.3.3 at the Advanced Light
Source (ALS) at Lawrence Berkeley National Laboratory
(LBNL). Pure polymer layers and binary and ternary blends
were spin coated onto pieces of silicon wafers with native
oxide layers, and some were annealed at 110 8C for 5 min to
simulate solar cell conditions. The acquired images were
normalized with a AgB standard; vertical qz and horizontal
qxy line cuts (GIWAXS) and horizontal qy line cuts (GISAXS)
were used for qualitative data evaluation.

RESULTS AND DISCUSSION

A key goal of the development of ternary blend OPVs is
broad spectral absorption. With P3HT:PC61BM as the model
binary blend, PDPP2FT was chosen as the complementary,

low bandgap donor polymer [Fig. 2(a)]. These two polymers
have cascading electronic levels, as seen in Figure 2(b), ena-
bling exciton dissociation at interfaces of both P3HT and
PDPP2FT with PC61BM and also at interfaces of P3HT and
PDPP2FT. Charge transport should be preferred in PCBM
and P3HT due to their EA and IE, assuming the carriers
reach these sites before extraction or recombination. Their
absorption spectra are complementary and provide substan-
tial coverage of the solar spectrum, with PDPP2FT having an
absorption peak higher in energy than that of P3HT, and also
one in the near-IR range [Fig. 2(c)]. Thus, if the microstruc-
ture can be optimized for charge generation and transport,
these two donor polymers are a good complementary pair
for application in ternary blends.

Relative Miscibility of PC61BM in P3HT and PDPP2FT
The miscibility of fullerenes in polymers has been suggested
to be an important factor in determining the efficiency of
charge generation and the overall PCE of BHJs.43,44,46 The
impact of miscibility on morphology in thin films of ternary
BHJs is particularly difficult to study due to the complex
nanostructure that comprises three semicrystalline and
aggregated components, in addition to amorphous, mixed-
composition domains.46 Previously, we have found dynamic
secondary ion mass spectrometry (dynamic SIMS) to be a
helpful technique for determining the solid-state miscibility
of PC61BM in P3HT in thin films.43 Here, we use a modifica-
tion of this method to examine how composition is affected
by the presence of a secondary polymer in ternary blends by
studying model diffusion couples.

Temperature-dependent miscibility measurements with
dynamic SIMS show that PC61BM has a more favorable inter-
action with P3HT relative to PDPP2FT (Fig. 3). Diffusion cou-
ples of P3HT/PDPP2FT:deuterated-PC61BM (dPC61BM) and
PDPP2FT/P3HT:dPC61BM were fabricated and annealed at
various temperatures to probe the movement of dPC61BM
between the two polymers near melting (Tmelt) and glass
transitions (Tg). In both cases, the neat polymer film was
placed on top of the complementary binary blend, and thus
the binary blend was initially at a greater depth in the film
than the neat polymer layer. Using the detection of deute-
rium anions, the chemical depth profile of dPC61BM was
measured for each annealed sample. Figure 3(a) shows the
initial diffusion couple structure before thermal annealing.
The sample held at room temperature contains dPC61BM
only within the initially mixed PDPP2FT:dPC61BM binary
blend and not within the neat P3HT layer, as expected; the
same lack of mixing is present in Figure 3(b) at room tem-
perature, where all dPC61BM remains within the initially
blended layer with P3HT. However, as the annealing temper-
ature of the bilayer is increased, the two diffusion couples
show significantly different behavior. As the temperature is
increased above 100 8C for fixed time (5 min), dPC61BM
begins to diffuse from the PDPP2FT binary blend to the ini-
tially neat P3HT layer, and the volume fraction of fullerene
diffusing into P3HT begins to surpass the volume fraction
remaining within the PDPP2FT layer at temperatures

JOURNAL OF
POLYMER SCIENCE WWW.POLYMERPHYSICS.ORG FULL PAPER

WWW.MATERIALSVIEWS.COM JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2015, 00, 000–000 3



exceeding 150 8C. On the other hand, it is apparent that the
volume fraction of dPC61BM that migrates from P3HT to
PDPP2FT remains quite small well into the rubbery and melt
states.

The origin of the mixing behavior is not solely due to
kinetics. One could assume that the differences in the depth
distribution of PC61BM are kinetically controlled because
PC61BM is much more mobile in P3HT at the temperatures
and time scales probed. While the thermal transition temper-
atures of the layers vary as a function of composition, we
can consider the limits of Tmelt for the pure materials (�215
8C for P3HT, �275 8C for PC61BM, and �280 8C for
PDPP2FT).47,48 The bilayer diffusion experiments show mix-
ing of dPC61BM from PDPP2FT to P3HT upon even moderate
heating, but little demixing from P3HT into neat PDPP2FT
upon aggressive heating. This observation demonstrates the
thermodynamic basis of the changes in the depth
distribution.

The results show that even at temperatures as high as
230 8C, only a small part of dPC61BM moves from a 1:1
P3HT:dPC61BM blend into the pure PDPP2FT layer, while a
pure P3HT layer draws substantial amounts of dPC61BM out
of a 1:1 PDPP2FT:dPC61BM blend. Even at temperatures as
low as 150 8C, already more dPC61BM can be found in the
initially pure P3HT layer than in the initially blended
PDPP2FT layer [see Fig. 3(a)]. Due to the substantial amount
(50 wt %) of dPC61BM within the source layer, significant

diffusion also results in a change of the thickness of both
layers, leading to a shift of the interface in the dynamic SIMS
measurements, indicated by the full and dashed black lines
in the raw data plots (Supporting Information Fig. S3). The
same interface shift was also verified by the change in the
polymer’s characteristic sulfur (34S) signal.

Additionally, the constant dPC61BM concentration throughout
the initially neat P3HT layer after annealing indicates that
there is no kinetic limitation to the diffusion process on the
time scale investigated (5 min). Once the Tg of PDPP2FT is
surpassed, the fullerene has sufficient free volume and thus
molecular mobility to traverse to the P3HT layer, as is ther-
modynamically preferred. At temperatures of 150 8C and
higher, the composition of dPC61BM in the P3HT layer is rel-
atively constant with depth. Moreover, the volume fraction of
dPC61BM within the P3HT layer increases incrementally with
annealing temperature because the solubility of the fullerene
in amorphous P3HT is temperature-controlled, as we have
shown previously.43 As can be seen in Figure 3(b), while
dPC61BM is able to diffuse within the P3HT film at elevated
temperatures (above Tg for P3HT), the volume fraction that
has traversed into PDPP2FT remains low even close to its
melt temperature. This low mixed volume fraction is not due
to the lack of molecular mobility of dPC61BM but instead is
caused by the very low solubility of the fullerene in
PDPP2FT relative to its solubility in P3HT, even at tempera-
tures approaching the melt state. This experiment clearly
demonstrates that the differences in fullerene miscibility in

FIGURE 2 (a) Chemical structures of P3HT, PDPP2FT and PC61BM. (b) Energy level diagram of cascading ternary blend compo-

nents.14,24 (c) UV-Vis absorption spectra of P3HT and PDPP2FT:PCBM thin films.
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semiconducting polymers such as P3HT and PDPP2FT are
not a consequence of slow diffusion kinetics, but are in fact
based on solubility.49

These measurements of interdiffusion also provide insight
on the contrasting, empirically derived optimal blend ratios
for the two binary mixtures P3HT:PC61BM (�1:1) and
PDPP2FT:PC61BM (�1:3) in studies of solar cells.14,50 There
have been recent suggestions that a “three-phase” morphol-
ogy with both pure and mixed domains is beneficial for
charge generation and transport in BHJs.51–53 At first consid-
eration, it might appear from these blend ratios that PC61BM
is very soluble in PDPP2FT, and the higher level of PC61BM
is required in order to force the fullerene to form aggregated
domains for electron transport. Such an argument would
suggest that P3HT has lower solubility for PC61BM and
therefore requires less fullerene content to develop aggre-
gated domains. However, as our measurements clearly indi-
cate, the solubility of PC61BM is significantly higher in P3HT
than in PDPP2FT (Fig. 4). This preferential blending suggests
that, instead, a high level of PC61BM may be required to
drive it into the amorphous regions of PDPP2FT. It is
assumed here that PC61BM resides only within amorphous

regions of P3HT (not within crystallites),43 and that
PDPP2FT is more disordered (as observed by GIWAXS).

Our results from dynamic SIMS indicate that, in the solid
state, there is a strong preference for PC61BM to segregate
into P3HT relative to PDPP2FT. We note that formation of
BHJs during solution casting is a kinetically limited process
and that there are other factors, such as aggregation in solu-
tion, that are at play.54–57 Our results do suggest that in a
ternary BHJ, there is a possibility that regions of PDPP2FT
will be depleted of PC61BM, which will reduce the interfacial
area that is critical for charge generation. This is particularly
likely with post processing steps such as thermal annealing.
We therefore fabricated ternary BHJs over a range of compo-
sitions to study their optoelectronic properties and morphol-
ogy to understand how our results from model diffusion
couples could be used to understand the properties of solu-
tion cast BHJs.

Optoelectronic Properties of Ternary Bulk
Heterojunctions
Before considering a ternary blend, it is important to con-
sider the endpoints of the binary BHJs, P3HT:PC61BM and
PDPP2FT:PC61BM. Both binary blends have comparable PCE
in photovoltaic solar cells when processed under literature
conditions. We obtained average PCEs of 3.0% and 3.1% in
1:0.7 P3HT:PC61BM and 1:3 PDPP2FT:PC61BM cells, res-
pectively, close to reported values for these materials.14,50

Overall, while the fill factor (FF) for P3HT:PC61BM is consid-
erably higher than that of PDPP2FT:PC61BM, the perform-
ance is offset by the slightly higher open-circuit voltage (VOC)
and JSC of the latter (see Supporting Information). It should
be noted that, the processing conditions required to achieve
3.0% and 3.1% in binary BHJs do not necessarily translate
to ternary BHJs, and we have chosen a set of processing con-
ditions and compositions for ternary cells that we believe
emphasize morphological changes over absolute
performance.

FIGURE 4 Volume fraction of dPC61BM in P3HT and PDPP2FT

as a function of annealing temperature for bilayer diffusion

couples.

FIGURE 3 Dynamic SIMS depth profiles of bilayers of (a) neat-

P3HT/PDPP2FT:dPC61BM and (b) neat-PDPP2FT/P3HT:dPC61BM

(first polymer is closest to the origin) after annealing at the

indicated temperature for 5 min.
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The operation of a ternary BHJ with an energy cascade struc-
ture [Fig. 2(b)] is significantly more complex than that of a
binary BHJ.42 In a ternary blend BHJ, carrier generation can
occur at interfaces of the polymers with PC61BM and also
between polymers (see Supporting Information Fig. S1). The
photogenerated carriers may or may not explore all phases
during charge extraction. For example, if there are well-
separated domains of the polymers (greater than the film
thickness in size), holes residing on PDPP2FT could reach
the electrode before finding an energetically more stable
state in P3HT (based on the smaller IE of P3HT). A similar
issue occurs for electrons between PDPP2FT and PC61BM. In
this case, the domains may behave more like BHJs that are
electrically parallel (although clearly they share molecular
interfaces and cannot be strictly electrically “parallel”). If the
domains are mixed, or small, then the carriers can access
states in all the materials before extraction. This case has
been discussed as “delocalized”32,42 and leads to optoelec-
tronic performance similar to an alloy. The optoelectronic
characteristics of the BHJ therefore can provide clues as to
the morphology.

To examine the optoelectronic performance of ternary BHJ
solar cells with P3HT and PDPP2FT, we examined the proper-
ties of devices with varying blend ratios, such that the weight
ratio of fullerene to total polymer was similar to that in an
optimal binary mixture (Fig. 5). To form these BHJs solutions
of P3HT:PCBM in a 1:0.7 ratio and PDPP2FT: PC61BM in a 1:3
ratio were mixed to achieve various weight ratios of polymer.
This procedure kept the ratio of PC61BM to each polymer at
that of each “optimal” binary endpoint. The ternary BHJs were
annealed at 110 8C before testing where our dynamic SIMS
data begins to show significant diffusion (Fig. 3).

The performance of the ternary blends can be compared to
the binary endpoints. As the weight ratio of PDPP2FT is
increased from a binary blend of P3HT:PC61BM, the FF and
JSC of the solar cells both decrease significantly until �50 wt
% PDPP2FT. In this same range of compositions, the VOC
increases, especially above �30 wt % PDPP2FT. Focusing
now on the right side of Figure 5, where PDPP2FT comprises
the entire donor polymer fraction, mixing P3HT into
PDPP2FT:PC61BM first improves then deteriorates perform-
ance as the weight fraction of P3HT is increased. The VOC
increases nearly linearly with P3HT content until greater
than 50 wt % polymer, while the FF increases until �80 wt
% PDPP2FT then deteriorates. The JSC increases slightly and
is approximately constant up to �10 wt % P3HT but then
strongly decreases. Thus it is clear that blending P3HT into
the PDPP2FT:PC61BM at low ratios results in optimal per-
formance of these ternary devices; however, over-addition of
P3HT (>25 wt %) disrupts the photocurrent generated and
leads to significant deterioration of performance. Similar
enhancements in performance near the endpoints of compo-
sition have been observed in other ternary blends.58

The behavior of some ternary BHJs has been based on an
alloy model where the Voc is linearly (or nearly so) depend-

ent on composition and results from occupancy of hole
states of the blended donors.42 Here, we see a linear depend-
ence in one region of composition (above 50 wt %
PDPP2FT) and a nearly independent region below that with
a relatively sharp transition in between. This behavior can
be understood as follows. At low concentrations of PDPP2FT,
the Voc is essentially that of P3HT:PC61BM, and therefore
transport is dominantly in P3HT and PC61BM. There is a sub-
stantial increase in Voc near 50 wt % PDPP2FT to a Voc of
0.8 V, which is higher than either of the endpoints. While
this may seem striking, it is likely an indication that P3HT is
disordered in the ternary blend at this composition and
higher. If we consider alloying behavior previously observed
in other ternary blends,42 the Voc would extrapolate to 0.92
V at 0 wt % PDPP2FT based on the linear regime. This is
nearly equivalent to the reported Voc of regio-random
P3HT:PC61BM of �0.9 V.59,60 These results therefore suggest
that upon blending of the PDPP2FT:PC61BM solution at suffi-
cient levels, the ordering of P3HT is hindered in the result-
ing ternary BHJ. This loss of ordering results in an increased
IE, and thus increased VOC, relative to the fixed PC61BM
LUMO.59 In this region of composition, it is also suggestive
that the domain sizes are small enough for holes to explore

FIGURE 5 Values of FF, VOC, JSC, and wavelength-specific EQE

of the compositionally varying ternary blend system. Devices

were annealed at 110 8C and the parameters are averages of

five devices.
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electronic states formed by both polymers. In the composi-
tional region where there is no dependence on addition of
PDPP2FT (below 50 wt %), the independence suggests that
holes do not explore both polymers. This implies that there
are little to no carriers in PDPP2FT, preventing the observa-
tion of an alloying effect. In this analysis we are assuming
that electrons are only transported in PC61BM due to the
large offset (�0.5 eV) with the EA of PDPP2FT.

We can further use external quantum efficiency (EQE) data
to support the picture of the morphology suggested by the
changes in Voc with composition. Also presented in Figure 5
are the composition-dependent EQE values at 550 nm and
840 nm excitation, wavelengths corresponding to absorption
features specific to ordered P3HT and PDPP2FT, respectively.
As PDPP2FT is blended to higher levels, approaching an
equal weight proportion of each polymer, the EQE in the
PDPP2FT absorption band increases slightly as expected, but
the P3HT-specific EQE drops dramatically. This reduction in
photocurrent generated by P3HT again originates from the
disordering of P3HT as PDPP2FT is added.

The intermixing and optoelectronic characteristics of the ter-
nary BHJs provide a view of the morphology of the films. A
likely origin of the disordering of P3HT is the mismatch in
the miscibility of PC61BM in the two polymers. P3HT is more
likely to be rich in PC61BM than PDPP2FT, and this differ-
ence could prevent crystallization during casting from solu-
tion. We therefore examined the morphology directly using
grazing incidence X-ray scattering (GIXS) to gain more infor-
mation about the structure of the ternary BHJs.

Morphology of Ternary Blends
In order to understand the changes in characteristics of the
ternary BHJs as a function of composition, we performed

GIXS characterization. Grazing incidence wide angle X-ray
scattering (GIWAXS) provided information on the ordering of
both polymer phases and grazing incidence small angle X-ray
scattering (GISAXS) on the length scales of phase separation.
We find evidence that corroborates the inferences about the
morphology from the measurements of devices.

GIWAXS reveals that the structural order of P3HT in the ter-
nary blends varies as a function of composition. Vertical
(thin film out-of-plane) and horizontal (in-plane) integrations
of GIWAXS patterns are given in Figure 6. The (200) and
(300) scattering peaks of P3HT are only present at low
PDPP2FT loadings, and only a weak (100) shoulder is visible
at higher composition. The (010) p-stacking peak near
17 nm21 of P3HT is only observed at low composition of
PDPP2FT as well. These data agree well with the inferences
about the structural order of P3HT from the solar cell meas-
urements that suggested disordering of P3HT at high weight
ratios of PDPP2FT. Clearly the intensity of the scattering
should vary with composition, but it should be possible to
observe ordered domains of P3HT at the 53 wt % ratio if
there was similar crystallinity to the binary blend.

In addition to changes in local ordering, the ternary blend
composition affects the length scale of domain separation
from GISAXS [Fig. 6(c)]. The ternary BHJ nominally contains
five regions that pervade the ternary BHJ morphology, which
are relatively pure domains of each material, P3HT, PDPP2FT,
and PC61BM, and mixed domains of polymer and fullerene
(P3HT1PC61BM and PDDP2FT1PC61BM), and potentially
intermixed polymer. As the composition is varied, scattering
observed in SAXS changes from primarily that of polymer-
and fullerene-rich domains near the binary composition lim-
its to primarily that of P3HT and PDDP2FT domains at inter-
mediate compositions.

FIGURE 6 GIWAXS, out-of-plane (a) and in-plane (b) integrations, showing the loss of P3HT crystallinity as PDPP2FT content is

increased in thermally annealed thin films. GISAXS in-plane (c) integrations of the same blends, highlighting the change in

domain separation length scale as the blend composition is varied. Thin films were annealed at 110 8C for 5 min.
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We consider the compositional limits in turn. Horizontal line
integrations of GISAXS data provide evidence of a thin film
domain structure that originates from both polymer-
fullerene domain separation and polymer-polymer domain
separation [Figs. 1 and 6(c)]. Near the binary composition
limits, differences in density between polymer- and
fullerene-loaded amorphous domains form average correla-
tions of 10 to 50 nm, typical of well-performing BHJs. At
intermediate compositions (25–50 wt % PDPP2FT) scatter-
ing at low-q values is enhanced, presumably from a longer
length scale phase separation (>100 nm) typical of poly-
mers. In addition, near 50 wt % PDPP2FT, PC61BM preferen-
tially swells P3HT regions relative to those of PDPP2FT,
resulting in large, swollen domains containing P3HT and a
large local concentration of PC61BM. At 73 wt % PDPP2FT,
the lower concentration of P3HT prevents it from containing
high levels of PC61BM and suppresses the formation of
P3HT- and PC61BM-rich domains; thus, the microstructure at
that composition is dominated by PDPP2FT- and PC61BM-
rich domain formation. Therefore, compared to 53 wt %
PDPP2FT, this 73 wt % blend shows decreased scattering at
low-q values, corresponding to a loss of the larger (100–
150 nm) domain structure. At this composition, scattering
from domain correlations is weakest, because the more
strongly scattering P3HT-PC61BM and P3HT-PDPP2FT
domain structures (relative to PDPP2FT-PC61BM domains)
are suppressed. In addition, it is at this blend ratio that the
ternary mixture is most compositionally uniform, with the
mismatch in miscibilities leading to relatively proportionate
local blending within amorphous regions of each polymer.
This morphology is consistent with the alloying behavior
observed for the Voc.

Understanding the Compositional Dependence
of Ternary BHJs
Based on our optoelectronic and morphological data on the
P3HT:PDPP2FT:PC61BM ternary BHJs, we can revisit the
schematic morphology of Figure 1. One expects that
PDPP2FT and P3HT will phase separate during solvent
removal during spin-casting of the BHJ. Due to their different
compatibility with PC61BM, the P3HT domains likely accumu-
late a much larger amount of PC61BM than the PDPP2FT
domains. Ordering in P3HT is suppressed by larger volume
fractions of PC61BM as the PDPP2FT binary is added to the
P3HT binary, based on the concentrations used to form the
ternary BHJs in this work. Upon thermal annealing, our
model dynamic SIMS experiments on diffusion couples sug-
gest that PC61BM will likely further accumulate in regions
rich in P3HT even at low temperatures and short times (e.g.
5 min) of annealing. This effect will be particularly pro-
nounced if the P3HT regions are disordered before anneal-
ing, due to PC61BM intermixing primarily in amorphous
P3HT regions.43,53 Thus, one must consider both the misci-
bility of the fullerene with multiple donor polymers and the
resulting blend structure in designing and predicting the
performance of ternary BHJs.

To understand the compositional behavior in the ternary sys-
tem, we first consider perturbation of the binary
P3HT:PC61BM. Upon addition of small amounts of PDPP2FT,
the added donor domains will contain little PC61BM due to
the much higher miscibility of PC61BM in P3HT than in
PDPP2FT. At PDPP2FT ratios below 25 wt %, the added frac-
tion of PDPP2FT leads to a decrease in Jsc, suggesting there
is poor charge generation due to inefficient mixing with
PC61BM. At PDPP2FT ratios of 25 to 50 wt %, the excess
PC61BM leads to the destruction of P3HT crystallinity (Fig.
6) and an increase in VOC due to the expected deepening of
the IE at the same time. There is no benefit to the PCE due
to the drop in FF and Jsc, caused by inefficient charge gener-
ation by PDPP2FT and the blue-shift in the absorbance of
P3HT. At higher PDPP2FT ratios of 50 to 75 wt %, the effect
is inverted, and performance begins to recover. The decreas-
ing amount of amorphous P3HT likely allows some PC61BM
to migrate back into PDPP2FT domains, and the length scale
of domain separation is smaller, allowing the performance to
improve (higher FF and Jsc).

The best performance of the ternary is achieved in a small
compositional range. In a very narrow window above 75 wt
% PDPP2FT, addition of P3HT leads to a beneficial effect.
Because there is not enough P3HT present to deplete a sig-
nificant amount of PC61BM from the PDPP2FT regions, the
PDPP2FT:PC61BM part of the active layer is fully operational.
The amorphous P3HT leads to a slight increase in VOC with-
out affecting the other parameters, and as a consequence
leads to a small increase in the PCE. Deviations from alloying
behavior in the Voc have been observed previously near the
endpoints of composition, which are close to binary sys-
tems.20,42,58 Here we see a smooth trend which is likely due
to the domain sizes observed in GISAXS, but such data has
not been reported for many ternary systems, making it hard
to compare the results directly.

It is useful to consider another ternary system that can test
the potential generality of the mismatch of fullerene miscibil-
ity in controlling the thin film microstructure and device
performance. For comparison, the ternary system, P3HT:Si-
PCPDTBT:PC61BM, with an energy cascade structure has
been previously studied by Ameri et al.18 and found to yield
well-performing solar cells. In particular, by adding Si-
PCPDTBT to the binary bulk heterojunction P3HT:PC61BM,
the VOC, JSC, and PCE were found to increase consistently
over a broad range of compositions (up to 70 wt % Si-
PCPDTBT). In this case, we find that the performance
enhancement conforms to our hypothesis that more closely
matched polymer-fullerene miscibilities are required in order
to produce a clear enhancement in the PCE of ternary
blends. Figure S5 in the Supporting Information displays the
comparison of PC61BM miscibility, determined by dynamic
SIMS in P3HT, PDPP2FT, and Si-PCPDTBT. The relative misci-
bilities of P3HT and Si-PCPDTBT are far closer than those of
P3HT and PDPP2FT, suggesting that there is less of a mis-
match in the fullerene composition of amorphous polymer-
rich domains in the ternary bulk heterojunction involving
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P3HT and Si-PCPDTBT. The Voc changes smoothly with com-
position for this system, in contrast to the results here, sug-
gesting that the P3HT stays ordered throughout.18 This
comparison of the change in device characteristics and the
miscibility of the fullerene in the donor polymers further
supports our conclusion that the compatibility of each poly-
mer with PC61BM is a critical parameter in the performance
of ternary BHJ OPVs. Previous work has discussed the impor-
tance of the compatibility between donor polymers to
observe smooth changes in Voc with composition.33 Our
work here shows that the behavior can be more complex if
one of the polymers has a significant change in IE with
structural order, like P3HT.

CONCLUSIONS

In conclusion, analysis of the electrical characteristics and
morphology of the ternary system PDPP2FT:P3HT:PC61BM
enables an understanding of the effect of composition and
morphology on the behavior of ternary BHJs to be devel-
oped. Our results highlight the role of the miscibility of the
fullerene acceptor with each donor polymer and reveal the
impact on optoelectronic properties. The complex behavior
of the open circuit voltage with composition shows that sim-
ple mixing rules can be strongly affected by morphology. As
a result, it is important to consider both the miscibility of
the donors and fullerene and the impact on ordering of poly-
mers when evaluating new candidates for ternary blend
cells. For pairs of polymers with similar miscibility with
PC61BM, there is a better chance to maintain the nanostruc-
ture required for charge generation in ternary BHJs.
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